Introduction
Irrigated horticultural production is a major source of income and employment for millions of smallholder producers in Sub Saharan Africa (Weinberger and Lumpkin, 2005) . These smallholder producers generally cultivate vegetables on 0.01-0.50 ha gardens using traditional practices for crop husbandry, fertility management and irrigation. An estimated 80% of gardens in West Africa are still irrigated by hand using watering cans, buckets or calabash (Drechsel et al., 2006; Dittoh et al., 2010) . This method is labor intensive and about half of the water applied to the field is lost to surface runoff due to high irrigation intensity, evapora-tion and deep percolation (Batchelor et al., 1996) . Drip irrigation has been in use since the 1960s to improve agricultural water productivity, creating more output (in physical and economic terms) with less water. Yet little is known about the actual benefits of this technology when applied by smallholder producers in Africa.
Drip irrigation delivers water directly to the root zone of the crop through a network of pipes, emitters and control valves. This minimizes conveyance losses and allows for uniform distribution of water over the field at regular time intervals. Besides that, irrigation water can easily be mixed with soluble fertilizer (called fertigation). As a result, drip irrigation has been found to increase both yield and water saving by about 50% over other irrigation techniques (Sivanappan, 1994) . This can make the investment in a drip irrigation system economically viable compensating for the high capital cost for the drip equipment (Dhawan, 2000) . These studies have focused on conventional drip irrigation systems that are used on large farms and require pumps to bring the pressure to a minimum of 2 bars. These systems are too expensive and sophisticated 0378-3774/$ -see front matter © 2011 Elsevier B.V. All rights reserved. doi:10.1016/j.agwat.2011.07.017 for smallholder producers in developing countries (Cornish, 1998) . Low pressure drip systems use only the pressure of slightly elevated water holding structures to irrigate small areas. The design is simple and it can be easily operated by less educated producers (Hillel, 1989) . Small affordable kits serving 10-120 m 2 have been widely promoted to smallholder producers in Africa and Asia (Postel et al., 2001 ). However, Maisiri et al. (2005) found in Zimbabwe no significant yield increase, labor saving or other economic advantage of using a 100 m 2 drip kit over conventional surface irrigation. Several studies (Kabutha et al., 2000; ITC, 2003; Moyo et al., 2006) found that small drip kits serving up to 120 m 2 did not show any significant saving in labor as compared with applying water directly to the field, resulting in large scale dis-adoption of the small drip kits by producers. Labor saving is very important for producers, because labor is a major production cost (Perry, 1997) . Reduction in labor allows the cultivation of larger plots or allows for more time in favor of other income generating tasks, which is especially important for women producers (Burney et al., 2010) . The few studies performed in Africa concluded that the introduction of low pressure drip irrigation should be complementary to technical, agronomic and marketing support to achieve improved returns from vegetable production (ITC, 2003; Kulecho and Weatherhead, 2006; Belder et al., 2007) . Since 2001, the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT) in Niger and partners invested in the development of an integrated horticultural production system called the African Market Garden (AMG) (Pasternak and Bustan, 2003; Woltering et al., 2011) . The AMG combines low-pressure drip irrigation with improved crop management. The latter helps the producer to apply the right amount of water, use suitable vegetable varieties for year round production, and improve soil fertility, among others. Woltering et al. (2011) describe the importance of economies of scale in low pressure drip irrigation and advocate for minimal garden sizes of 500 m 2 . The current study compared the returns to investment on the African Market Garden (AMG), and watering can irrigation methods for vegetable production in Niger. The specific objectives of this experiment were to determine labor and other production costs and water use of the AMG and the local hand watering vegetable production system. In addition, the performance of the improved crop husbandry package was compared in combination with drip irrigation (AMG) and with hand watering (IM).
Methodology

Experimental site
The experiment was conducted at the ICRISAT Sadore research station in Niger (13 • 15 N, 2 • 17 E), 30 km southeast of the capital Niamey. The soil is classified as a sandy silicious isohyperthemic Psammentic Paleustalf (West et al., 1984) . It belongs to the Labucheri type characterized by a high sand content, low native fertility with low organic matter and low cation exchange capacity that limits nutrient storage ability. These soils are generally very strongly acidic, and aluminium comprises a high percentage of the exchangeable cations. The quantity of water held between 0.1 bar ("field capacity") and 15 bar ("permanent wilting point") soil moisture tension is around 0.2 g cm −3 . Average annual rainfall is 560 mm that normally falls between June and October.
Experimental set-up and management
Two irrigation methods were used in combination with two crop husbandry practices for the cultivation of okra (Abelmoschus esculentus) and eggplant (Solanum melongena). Three 500 m 2 fields (20 m × 25 m) with ten raised (0.2 m) planting beds each were prepared. The planting beds were 25 m long and 1.8 m wide, separated by a 0.2 m path. For the treatments irrigated with watering cans there was a 0.5 m path every 8 m across the bed, and earthen borders were used that prevented any runoff spilling over to other beds. Two different vegetables were grown at the same time each on five beds. The two outer beds were considered borders and not included in the analysis. Each field was considered a treatment, with each planting bed a replication in a randomized complete block design. The order of planting beds was then kept equal for the treatments (Fig. 1) . The treatments are summarized in Table 1 and defined as follows:
1. African Market Garden (AMG): Improved crop husbandry package and irrigation with low pressure drip irrigation. Drip laterals were 12 mm in diameter with in line drip emitters spaced at 0.30 m interval. Drip emitter discharge was 0.4-0.5 L/h. Distance between the laterals on the planting bed was 1 m for both okra and eggplants. The water was collected in a 4 m 3 reservoir and was gravity fed to the plot at a pressure varying between 2.5 and 1 m head (drip emitter discharge 0.4-0.5 L/h). The reservoir provides 8 mm (4 m 3 for 500 m 2 ) of irrigation, corresponding to local maximum crop daily evapotranspiration rates (Pasternak et al., 2006) . Planting beds were prepared with a basic dressing of 4 kg m −2 manure and 0.1 kg m −2 of a complete fertilizer called 15-15-15 containing 15% N, 6.5% P and 12.4% K before planting. Urea was mixed daily with the water in the reservoir to give a concentration of 50 ppm N in the irrigation water. Crops were irrigated by hand for the first 3 days after planting at 4 mm day −1 . Planting density was according to extension service guidelines. 2. Improved Management (IM): Improved crop husbandry package but irrigation with watering cans. The quantity of water applied, the preparation of planting beds and the planting density were similar to the AMG treatment. However, water was applied by watering cans two times per day; two thirds in the morning (5.3 mm) and one third in the afternoon (2.7 mm). Two watering cans of 12 L each were emptied over the planting beds at an intensity of about 300 mm h −1 . The total amount of urea applied per crop was equal to the quantity applied for the AMG, but it was applied through broadcasting and only twice during crop development; half was applied 21 days after planting and the other half at flowering. 3. Farmer Practice (FP): Local crop husbandry practices and irrigation with watering cans. Information on water application regime, fertilizer use, planting density and other variables was collected through surveys in and around Niamey city. Eighteen okra producers, fourteen eggplant producers, and five horticulture extension specialists were interviewed. On average, vegetable producers apply 10 mm day −1 for okra and eggplant (Table 1) . Manure and urea were applied at the first grubbing, about three weeks after planting, and at flowering stage. The manure was applied on the soil surface without incorporation into the soil.
It should be noted that in the AMG and IM treatments a standard amount of 8 mm of irrigation (based on local maximum crop daily evapotranspiration rates) was applied daily irrespective of the crop or the season. The standard size of the reservoir is 4 m 3 and emptying it once will give 8 mm over a 500 m 2 plot. This was found the best way to help farmers applying a rational amount of irrigation water (Pasternak et al., 2006) . Even though surplus of water is applied for parts of the crop period, around 50% water is saved compared to irrigation quantities commonly applied by farmers around Niamey. Irrigation was suspended for one or two days when rainfall exceeded 20-40 mm day −1 . Okra (var. Konni) and eggplant (var. Black Beauty) were selected for this experiment as these are popular vegetables for cultivation in Niamey (Mahamadou, 2005; Babatunde et al., 2007; Gowda et al., 2010) 
Economics
Labor time per person expressed in man hour (m.h.), was recorded per activity starting at the installation of the gardens and continuing to the operational activities such as planting, irrigation and weeding ending with harvesting. Labor cost was set at US$ 2 per man-day (field data; World Bank, 2008). Gross revenues were calculated at 60% of the consumer price of vegetables over the actual harvest period (data SIMA-System d'Information sur les Marches Agricoles and INS-Institut National de Statistique). Data on crop yield, input use and labor collected in this on-station experiment were complemented with data collected in farmers' fields on investment, maintenance and other costs and market data. This allows calculations on returns on investment in a garden setting representative of vegetable producers in and around Niamey. The returns on land, labor and water, and payback period were calculated using amortization over the crop period, production costs and potential revenues at the time of harvest. The water application efficiency is defined as fresh fruit weight (kg) obtained per unit volume of irrigation water applied (m 3 ).
All calculations were done based on a unit area of 500 m 2 , the standard size of the production unit in an AMG. Analysis of variance (ANOVA) was conducted to evaluate the effects of the treatments on fresh fruit yield (kg m −2 ) and dry weight of weeds (kg). The statistical package GenStat 10th Edition was used to calculate F probabilities, and differences were considered significant at P ≤ 0.05.
Results and discussion
Yields and cultural attributes
The fresh fruit yields of okra and eggplant grown in the AMG were significantly higher than those in the other treatments (Table 2) .
Total dry matter of okra and eggplant in the AMG treatment was around double the dry matter yield in the other two treatments. This confirms the positive effect of drip irrigation on plant productivity. Rainy season fruit yield of okra in the IM treatment in the 2008 season was 33% higher than that in the FP treatment and in the 2009 rainy season it was 300% higher. This could be attributed to a build up of soil fertility over time in the IM plot due to high rates of manure and NPK application. In the dry season high temperatures dominated crop yield and this might have been the reason for the little effect of the additional inputs in the IM treatment as compared with the FP system. Days to flowering and fruiting were similar across all treatments for eggplant, however individual fresh fruit weight was highest for AMG at 0.20 kg per fruit against 0.17 and 0.13 kg per fruit for IM and FP respectively. There was no noteworthy difference in signs of viruses or insect pressure over the treatments and over time observed. The practical implication of these findings is that farmers in Niger (and elsewhere in Africa) can significantly increase yields in their traditional gardening systems by increasing the amount of fertilizer and manure, decreasing planting density while at the same time using less water.
It was found that 45% less weeds were collected from the AMG compared with the two hand watered treatments. The total dry weight of weeds collected from 500 m 2 over the experimental period was 16 kg for the AMG, 24 kg for the IM and 29 kg for the FP. Drip irrigation delivers water directly to the plant roots, thus leaving the space between plants dry. In contrast, watering cans wet the entire planting bed facilitating weed development. Most weeds were collected from the Farmers Practice (Fig. 2) , probably due to higher water application, and two times application of manure (that contains a lot of weed seeds) on the surface.
Economics
Labor use
The total labor used in the drip irrigated garden was onefourth that of the two treatments that were irrigated with watering cans. Fig. 3 shows the labor used for the main activities; planting, irrigation, soil improvement (fertilization and planting bed preparations), weeding and grubbing, harvesting and phyto-sanitarian treatments as an average over the three crops. The total labor requirements in a 500 m 2 garden are 1.1 man hours per day for the AMG against 4.4 and 4.7 man hours per day respectively for the IM and FP (Fig. 3) . This difference can be mainly attributed to the high labor requirement for irrigation with watering cans. In the AMG, it takes about 10 min per day to clean the filter, open the valve and check the drippers for clogging, whereas it takes 4 man hours to irrigate 500 m 2 with watering cans. The AMG and IM treatments require more labor for fertilization of the soil as planting beds are prepared with fertilizer and manure before planting, and regular mixing (in the case of drip irrigation) of soluble fertilizer in the water. From Fig. 3 it can be seen that about 30% more labor was required in the Farmer Practice for weeding and grubbing, due to higher weed pressure as compared with the AMG and IM treatments (as was shown in Fig. 2 ). When using watering cans the labor requirement for cultivating irrigated crops will increase proportionally with area. This is not the case when using drip irrigation, doubling or even quadrupling the irrigated area will result in a small increase in labor for cultivation provided the volume of the reservoir increases proportionally with the area (Woltering et al., 2011) . The comparative advantage of drip irrigation over hand watering is proportional to the labor that can be saved to irrigate the crop area. Hence, the larger the area the producer irrigates the more Fig. 3 . Labor use per activity in man hours per day for a 500 m 2 garden averaged over all crops per treatment. 105  380  437  716  1153  920  1357  Okra DS08/09  105  778  139  840  979  1050  1189  Okra RS09  109  433  342  672  1014  840  1182  Eggplant DS08/09  120  814  83  840  923  1050  1133 a PET, potential evapotranspiration, defined as 0.8 × pan evaporation. b Irrigation + rainfall. benefits he/she will get from drip irrigation. It should be noted that savings in hired labor can become socially problematic if no alternative livelihood opportunities exist in the community. On the other hand, on farm employment can be compensated when the saved water is used to expand the irrigated area, or through crop intensification. Laborers will experience an improvement in quality of employment as the drudgery of carrying heavy water containers is minimized under drip irrigation.
Water application efficiency
In the AMG and IM treatments a standard quantity of 8 mm of irrigation was applied daily irrespective of the crop or the season. From field surveys it was found that farmers commonly apply 25% more water for eggplant and okra. Table 3 shows the total potential evapotranspiration, rainfall and irrigation water applied for each crop in the different seasons.
The same amount of water was applied to the AMG and IM treatments, but more fruit and dry matter yield was produced under the AMG treatment. For each cubic meter of water applied the AMG yielded 7.3 kg of eggplant, against 4.9 kg for the IM and only 2.4 for the FP (Table 4 ). The water application efficiency was generally found to be more than 2 times higher for the AMG and IM treatments than for the Farmer Practice. 3.2.3. Set-up cost Irrigated vegetable production is a capital intensive undertaking of which the drip hardware and reservoir constitute less than 50% of the total set-up costs. Depending on site specifics, producers that want to set up a vegetable garden, will have to invest in a pump, well, reservoir and water distribution system, as well as in tools and a fence. Table 5 shows the set-up costs for a 500 m 2 garden using the AMG and watering cans for irrigation.
It can be seen that, getting the water to the reservoir, purchasing tools and protecting the garden with a fence require an investment of around US$ 800 irrespective if a vegetable producer uses watering cans or drip irrigation. The AMG "commercial model" of 500 m 2 used in this experiment requires an additional US$ 771 for a cylindrical concrete reservoir and a drip system. But in other models developed by ICRISAT (Woltering et al., 2011) , where water is supplied centrally to a large number of 500 m 2 units, the relative cost of the water reservoir per production unit is much smaller. Table 6 shows the major production costs and amortization, revenues and returns for the crops grown in the three treatments.
Return to investment
The production cost for the AMG were on average 30% lower than that for the treatments irrigated with watering cans. Cost for farm inputs were higher, but this was largely compensated by savings of up to 50% in water (fuel cost) (Table 3 ) and a 4-fold savings in labor when using drip irrigation (Fig. 3) . Energy is a major production cost (65%) when irrigating with watering cans, at 45% for human energy (labor) and 20% for pumping energy. Okra and eggplant production was profitable for the AMG but gave negligible returns for the Farmer Practice. The low profitability of okra in this trial resulted from the fact that okra was produced mostly in the rainy season when prices for this product are low. Okra produced in other seasons fetch much higher prices resulting in higher profits. The returns on land for eggplant for the AMG were double that of the IM at US$ 1.7 against US$ 0.8 per m 2 land. The IM treatment showed a great improvement over the Farmer Practice at similar costs but at much higher revenues for most crops. Returns on labor were at least double for the AMG drip irrigation treatment against the other treatments. The returns on water in the AMG were around US$ 2 for production of eggplant. In the FP returns on water were found insignificant (US$ −0.1 and 0.1 per m 3 ) for okra and eggplant.
Most publications describing the advantages of drip irrigation over other systems emphasize the effect of water saving and higher yields resulting in higher water use efficiency (Bresler, 1975; Sivanappan, 1994; Postel et al., 2001) . However for Africa's horticulture producers labor saving is by far the most important advantage of drip irrigation.
Conclusions
The AMG technology holds great promise to increase profitability of smallholder vegetable producers as it combines drip irrigation and improved crop management. The results of this study contributed to a better understanding of the advantages and disadvantages of the AMG, and the drip technology in general, and are of interest to farmers, development agencies and decision makers that focus on income generation and improved nutrition in West Africa. Drip irrigation saves labor, water and energy, bringing down production costs, but by far the major advantage of drip irrigation when substituting traditional systems is labor saving. As labor constitutes around 45% of the production costs in hand watered gardens, the vital comparative advantage of drip irrigation over hand watering is proportional to the labor that can be saved to irrigate the crop area. Hence, the larger the area the producer irrigates the more benefits he/she will get from drip irrigation. The lower labor requirement markedly increases the returns on labor that can be six times higher than in the traditional system. This is a very important contribution to poverty alleviation. However, it should be noted that alternative employment opportunities for laid-off workers should be available in the communities. Improved crop management significantly increases yields mostly through a considerable addition of organic and inorganic fertilizers. Thus by application of proper rates of fertilizers, and the timing of fertilizer application, traditional vegetable producers can easily improve productivity without having to invest in a new irrigation technology. The high investment cost for drip irrigation equipment is one of the major limitations for uptake of the technology. The instinctive solution to decrease the size of the drip irrigated garden and thereby limiting the investment has proved to be counterproductive as drip irrigation will lose its biggest comparative advantage (reduced operational expenses due to labor saving) over traditional methods of irrigation. It is recommended to replicate this experiment in farmers' fields over diverse agroecological zones in the Sudano-Sahel. The technologies combined in the AMG can reduce pressure on natural resources and reduce land degradation while improving the livelihoods of smallholder producers.
